The pattern electroretinogram (PERG) was used to measure the visual acuity and refractive state of nine American kestrels (Falco sparverius). Visual acuity was determined from psychometric functions of PERG amplitude vs. spatial frequency. Refractive state was measured by finding the trial lens that resulted in the highest acuity. All nine kestrels were found to be emmetropic. Their median visual acuity was 29 c/deg. The PERG, however, underestimates behaviorally determined visual acuity by approximately 37%. When adjusted for this underestimation, the median kestrel acuity was 46 c/deg. The visual acuity of American kestrels is compared to reports in the literature of 17 other species of birds.
Introduction
Birds are the most visually dependent class of vertebrates. They use their vision for prey and predator detection, prey pursuit, food recognition, avoiding obstacles while flying, precise control of beak and foot movement, courtship, nest construction, parental care, and other important behaviors. Because birds need to be able to see obstacles and food items, often from a distance, visual acuity is important for avian survival. For raptors, which frequently pursue and capture moving prey, sometimes spotting it from a great height or distance, high acuity is especially important.
Several optical and retinal factors affect visual acuity. Among the optical variables are the diameter of the pupil, ametropia, which limits high spatial frequencies, and the posterior nodal distance, which affects both retinal illumination and the size of the retinal image. Among the retinal factors affecting acuity are the density of photoreceptors and retinal ganglion cells, and their ratio.
In raptors, the foveae are convexiclivate and deep, with a spherical pit (Fite & Rosenfield-Wessels, 1975; Snyder & Miller, 1978) . Fite and Rosenfield-Wessels (1975) found a strong correlation between a clearly convexiclivate fovea and predation which involves the capture of moving prey. Snyder and Miller (1978) proposed that the spherical pit of the fovea acts as the negative element in a telephoto lens system to provide a magnified image. Based on this model, Hirsch (1982) calculated the magnification factor for the kestrel. However, Dvorak, Mark, and Reymond (1983) and Martin (1986) argue that no foveal magnification factor need be supposed, because the visual resolution of the falcon and eagle can be explained in a straightforward manner based on retinal densities. Martin (1986) proposed that the purpose of the convexiclivate fovea may be to reduce light scattering by the radial displacement of neural layers of the retina.
Raptors have two foveae in each eye, one centrally located and used for the lateral, monocular field, the other temporally located and used for vision in the frontal, binocular field (Fite & Lister, 1981) . The temporal fovea is shallower and broader than the central fovea (Fite & Lister, 1981) and it has a lower density of both photoreceptors and ganglion cells (Fite & Rosenfield-Wessels, 1975) . In the American kestrel, for example, the average number of receptors/visual degree in the central fovea was 8300, compared to 7700 in the temporal fovea, while the ganglion cell count/visual degree was 3000 in the central fovea and only 700 in the temporal. Aside from birds, the only other vertebrates for whom double foveae have been reported are several species of Anolis lizards, which also capture live prey primarily through visual guidance; these, too, have much higher densities of both photoreceptors and ganglion cells in the central fovea than in the temporal fovea (Fite & Lister, 1981) .
The acuities for the birds of prey so far reported are high (see Table 3 below). There are many reasons to think that raptors would have extraordinary visual acuity based on optical and retinal factors. Raptors have large tubular eyes, which creates a large retinal image (G€ u unt€ u urk€ u un, 2000) . They have many, closely spaced photoreceptors, which give them excellent visual resolution (Hirsch, 1982; Reymond, 1987) . They also have two foveae in each eye which have ganglion cell densities up to 65,000/mm 2 , compared to 38,000/mm 2 in humans (G€ u unt€ u urk€ u un, 2000) .
Previous behavioral studies on the visual acuity of the American kestrel have yielded conflicting results. A study by Fox, Lehmkuhle, and Westendorf (1976) reported an acuity of 160 c/deg (higher than that of any other recorded species of birds or mammals), while a later study by Hirsch (1982) reported their acuity to be approximately 40 c/deg, comparable to human vision measured in the same apparatus. Each of these studies, however, only reported data on a single subject. The present study differs from the other two in that multiple subjects (n ¼ 9) and electrophysiological methods, which require no behavioral training, were used to determine the kestrelÕs visual acuity.
Methods

Subjects
The subjects for the study were nine, captive-born, American kestrels obtained from a colony at Patuxent Wildlife Research Center in Laurel, MD. The birds ranged in age from one to ten years old. Five females and four males were used in the study.
Procedure
Each kestrel was anesthetized with 325-350 mg/kg of 20% chloral hydrate, given by intramuscular injection in the thigh muscle. When the bird was anesthetized, 0.2 ml of vecuronium bromide was administered to the right eye over a 20-30 min period to dilate the pupil and paralyze accommodation. The pupil was dilated in order to allow the maximum amount of light to enter the eye, and accommodation paralyzed to ensure that the corrective lens was the only accommodative source. EMLA brand anesthetic cream (lidocaine 2.5% and prilocaine 2.5%) was applied to the ear canal. The birdÕs head was fixed in a stereotaxic apparatus. An ophthalmoscopic examination revealed clear ocular media in all cases.
PERG recording
The PERG was recorded from the right cornea. A platinum electrode was inserted through the lower eyelid, which is the larger of the two lids, in contact with the corneal surface. The weight of the electrode, supplemented with a very small amount of modeling clay, was sufficient to drop the lower lid just below the pupil so that the electrode barely contacted the surface of the cornea. The entire pupil thus was exposed to the stimulus display monitor. An electrode inserted in the lower left eyelid, in contact with the cornea, was used as a reference electrode. The left eye was covered with a black patch throughout the procedure. A third electrode inserted subcutaneously in the scalp served as a ground. The center of the pupil of the right eye was aligned with the center of the ENFANTÕs stimulus display monitor, which was 37°wide by 28°high, and which had an average luminance of 93 cd/m 2 . The distance from the cornea to the monitor was 62 cm. The amplifier was a Neuroscientific AMP 800 amplifier with a gain of 10,000 and cutoff frequencies of 0.5 and 100 Hz. Amplitudes were measured peak to trough. The PERGs were recorded and analyzed using the Neuroscientific EN-FANT system, which combines stimulus presentation, recording, averaging, Fourier filtering, regression, and other analytical tools.
Square-wave gratings at 96% contrast were sine-wave phase reversed at 7.5 Hz in sweeps of decreasing spatial frequency until 896 sweeps (reversals) had been averaged at each spatial frequency. The spatial frequencies used were 0.0, 1.22, 1.63, 2.44, 3.25, 3.91, 4.88, 6.51, 9.76, and 19 .53 c/deg. The zero Hz measurements, during which the screen was a luminance-matched blank, were used to determine the level of physiological and instrument noise. A psychometric function of PERG amplitude vs. spatial frequency was used to determine visual acuity. A linear regression line plotted though the data was extrapolated to the noise level. The spatial frequency of the intercept of the regression line with the noise level was taken as the measure of acuity. Only data points that showed phase lag standard deviation of less than ±45°were included in the psychometric function. Typically, the great majority of phase lag variation was less than ±20°. Only psychometric functions in which all data points fell within the 95% confidence limit of the regression line were used for estimating visual acuity.
Refractive state measurement
Optometric trial lenses of various powers, in 0.25 D increments, were inserted 10-15 mm from the cornea prior to collecting psychometric functions to correct for the 62-cm distance from the stimulus to the cornea and to determine each kestrelÕs refractive state. Visual acuity was measured with a variety of plus and minus trial lenses. The lens that resulted in the highest acuity during the refraction test was placed in position during the final acuity measurements. The refractive state was determined from the power of the lens that resulted in the highest acuity minus the 1.6 D correction for the distance from the cornea to the monitor.
Animal welfare
This research was conducted under an approved protocol from the University of Maryland, College Park Institutional Animal Care and Use Committee operating under animal care and use guidelines established by the US National Institutes of Health. 
Results
PERG recordings
Refractive state measurements
A typical refractive plot is shown in Fig. 2 . The figure shows visual acuity as a function of lens power minus the 1.6 diopter correction for the distance from the stimulus display monitor to the cornea. In all cases, one trial lens was found to result in markedly better acuity than the others. The power of this lens (minus 1.6 D) was considered to represent the refractive state of the subject.
The results indicated that no optical correction beyond that required for the distance from the cornea to the stimulus display monitor was required for any of the kestrels; i.e., all of the subjects were emmetropic. Fig. 3 shows three PERG psychometric functions collected with the best lens; one for the kestrel with the highest acuity, one for the kestrel with the lowest acuity; and one for a kestrel with intermediate acuity. The range of acuities was from 45 to 25 c/deg. The mean acuity of the nine kestrels was 31.4 ± 2.00 S.E.M. c/deg. The median acuity, which is a more representative measure of average acuity due to the skewed distribution of acuities (see Fig. 4 ), was 29 c/deg. No significant difference between males and females was found. A Spearman rank-difference correlation between visual acuity and age indicated a correlation of )0.61, p < 0:08. Table 1 presents the individual data. Because PERGderived acuities tend to underestimate behaviorallyderived acuities by approximately 37% (Hodos, Ghim, Fig. 1 . Typical PERG recordings from a single American kestrel during a single recording session at four spatial frequencies and noise (both eyes occluded). Each recording is the average of 896 reversals and has been Fourier filtered with a variable, low-pass filter set at 26.5 Hz. Fig. 2 . Visual acuity for a single American kestrel during a single session as a function of lens power. Lens power is the power of the optometric trial lens placed in front of the subjectÕs eye minus 1.6 D, which was required to correct for the viewing distance. Potocki, Field, & Storm, 2002) , the table also presents acuity data that were adjusted to compensate for this underestimate.
Visual acuity measurements
The adjusted acuities are summarized in a frequency histogram in Fig. 4 . The figure shows that the adjusted acuities are clustered around the 40-49 c/deg range and one outlier with an acuity of 71.4 c/deg. The median adjusted acuity was 46 c/deg.
Discussion
All of the kestrels in this study were found to be emmetropic. This finding is consistent with the report of Murphy, Howland, and Howland (1995) for a variety of raptors.
Of the nine subjects in this study, six were 1.0-1.5 years old, and the remaining three were 3, 9, and 10 years old at the time of study. This distribution of ages gave us an opportunity to examine the relationship between age and visual acuity. A Spearman rank-difference correlation indicated a correlation of )0.61, p < 0:08. Although the number of cases was insufficient to represent a robust study of age-dependent changes in acuity in our sample of American kestrels, the results are nonetheless suggestive of an effect that is consistent with data from the literature of birds and humans. Agedependent losses in visual acuity have been reported in pigeons , Porciatti, Hodos, Signorini, & Bramanti, 1991 , Japanese quail , and in humans (Weale, 1982) .
The median acuity using the PERG method reported here was 29 c/deg, which is lower than both of the previously reported behavioral acuities for the American kestrel (Fox et al., 1976; Hirsch, 1982) , could be the result of differences between the behavioral method of acuity measurement, which is binocular and the PERG method, which is monocular. A major difference between behavioral studies of visual acuity and electrophysiological studies is that electrophysiological data typically are collected from a single eye, whereas in be- Fig. 3 . PERG amplitude as a function of spatial frequency for three American kestrels. The horizontal broken lines indicate the noise level. All data points within each plot are within the 95% confidence interval of the regression line. Visual acuity was estimated from the intersection of the regression line with the noise level. Fig. 4 . A frequency distribution of visual acuity adjusted to compensate for the underestimate of behavioral acuity by PERG acuity (see text for explanation). The asterisk indicates the behaviorally determined acuity of a single American kestrel by Hirsch (1982) . havioral studies, the subjects are free to use both eyes to detect the stimulus. The theory of binocular summation (Campbell & Green, 1965) predicts that two eyes will have a better acuity than one eye by a difference equal to 1.4. Thus the behavioral (binocular) acuity should exceed PERG (monocular) acuity by a factor of 1.4 or 41%. Porciatti, Fontanesi, and Bagnoli (1989) and Porciatti, Fontanesi, Raffaelli, and Bagnoli (1990) compared binocular and monocular visual acuity in owls using a visual evoked potential method and found that the binocular acuity was superior to monocular acuity by approximately 37%. Likewise, Hodos et al. (2002) reported a behavioral (binocular) advantage over PERG (monocular) acuity of 37% in data collected from the same subjects (pigeons). Peachy and Sieple (1987) performed a similar experiment in humans and a similar PERG-behavioral difference in acuity may be seen in their data. Whether the difference between behavioral and electrophysiological acuities is due to binocular summation or some other variable(s), a consistent difference exists and must be taken into account when comparing data collected by the two methods. In order to determine the comparable behavioral acuity for our electrophysiologically determined acuity, a 37% adjustment was made to compensate for the PERG underestimation of behavioral acuity. The adjusted median acuity for American kestrels of 46 c/deg is consistent with the acuity of 40 c/deg of the single subject reported by Hirsch (1982) , whose data fall at the lower end of our data distribution. Fox et al. (1976) reported an acuity of 160 c/deg, which they interpreted to mean that a kestrel could easily detect a target of 2 mm from a height of 18 m, assuming that a stimulus that is twice the threshold is easy to detect. This level of ability seems to be far in excess of the needs of these birds in the wild. According to the data of Balgooyen (1976) , American kestrels have a minimum strike distance (distance to target prey) of 34 m, and maximum strike distance of 275 m when hunting from a perch. When hunting from a hover, the kestrelÕs strike distance varies 12.2-24.4 m. Table 2 presents the minimum visible target size at these three distances based on our median adjusted acuity of 46 c/deg.
Using the minimum visible target sizes in Table 2 and assuming that the smallest practical prey size will be about twice threshold, the smallest prey attacked should range from about 0.46 cm (minimum distance from a hover) to about 10.44 cm (maximum distance from a perch). For example, at the maximum strike distance of 275 m, a 10 cm meadow vole (Microtus pennsylvanicus) would be about twice the threshold. However, at the minimum strike distance of 34 m, a target of 1.28 cm would be twice the threshold, which is reasonable for the insect prey that make up much of the kestrelÕs diet (Balgooyen, 1976) . Thus, the visual acuity of American kestrels based on our data appears to be consistent with the needs of this species in hunting its typical diet of small mammals, insects, and reptiles.
The Fox et al. result is also difficult to accept on optical and retinal grounds. The kestrel has a posterior nodal distance (PND) of about 9 mm (Hirsch, 1982) , only about half that of humans, yet according to Fox et al., its acuity surpasses that of the wedge-tailed eagle (Aquila audax), which has a PND of 22.6 mm (Reymond, 1985) . Other things being equal, a longer PND will result in a larger retinal-image size. In addition, the center to center photoreceptor spacing of 1.6 lm of the wedge-tailed eagle is less than that of the 2 lm of the kestrel (Hirsch, 1982; Reymond, 1985) . Both of these factors should result in higher acuity for the eagle than the kestrel. Hirsch (1982) has calculated that the Nyquist limit for the kestrelÕs eye, estimated from the focal length of the eye, photoreceptor spacing, pupil diameter, and an estimated magnification factor of 1.33, is about 61 c/deg. The visual acuity of the best of our kestrels, when adjusted for the PERG underestimate of acuity, was 71.4 c/deg, which is somewhat higher than HirschÕs calculated resolution limit. Finally, a methodological flaw in Fox et al.Õs apparatus could account for their acuity overestimation; i.e., the stimulus remained in view after the kestrel left the observation perch on route to the stimulus perches, which could have allowed the kestrel to get closer to the stimulus choices before making its decision as to which stimulus to select. A better design, such as HirschÕs, would have been to remove the stimulus as soon as the bird left the observation perch. For these reasons and because of its consistency with our data, HirschÕs result is the more credible. Unfortunately, her sample size, like Fox et al.Õs, consisted of only one individual. Table 3 presents a summary of visual acuity data and estimates on 18 species of birds including the data reported here for American kestrels. Our visual acuity data for American kestrels, while below that of other raptors, is nevertheless high compared to other avian species, including passerine birds, and surpasses the acuity of many non-primate mammals. Moreover, it is consistent with the visual requirements of the animalÕs life in its natural environment. 
